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Dose-Dependent Modulation of the Cardiac
Sodium Channel by Sea Anemone Toxin ATXII Nabil El-Sherif, Harry A. Fozzard, and Dorothy A. Hanck
The effects of sea anemone toxin ATXII on single sodium channels were studied in cell-attached patches on rabbit ventricular myocytes at 20-22°C. Exposure of patches to 1,000 nM ATXII induced long-lasting bursts of openings, which were more dramatically different from control at -20 mV than at -50 mV. Mean open duration, which had a biphasic dependence on voltage in control patches, was monotonically dependent on voltage in toxin-exposed patches, being 3.5 times longer than control at -20 mV and 4.5 times longer at -10 mV. Multiple mean open durations were detected at depolarized potentials. To test whether the multiple mean open durations resulted from a mixture of modified and unmodified openings, histograms of late openings (when unmodified channels would be inactivated) were constructed. Because in most cases these fit a single exponential with a mean open duration like that of modified channels, we conclude that voltage-dependent toxin unbinding produced a mixed population of unmodified and modified openings. Consistent with this hypothesis, lower concentrations of toxin most often produced open-duration histograms best fit with two exponentials. Ensembles revealed complex decay kinetics, which could be interpreted within the context of the toxin-induced increase in mean open duration and burst duration and the summation of modified and unmodified events. Analysis of the numbers of early versus late events at -20 mV for patches exposed to 20 nM, 100 nM, and 1,000 nM ATXII predicted the EDSO for ATXII block to be 285 nM at this potential. Using a five-state Markovian model, the action of ATXII could be explained as a reduction of the open-to-inactivated rate constant without effect on inactivation from closed states or other rate transitions. (Circulation Research 1992;70:285-301) Sea anemone toxins anthopleurin-A and ATXII and the a-scorpion toxins bind to voltagedependent sodium channels at a common site1 that has been localized in neuronal channels to the extracellular loop between S5 and S6 of domain I of the a-subunit.2 These toxins, which prolong sodium current under voltage clamp,3-5 interested us for three reasons. They appear to bind with higher affinity to the cardiac sodium channel than to neuronal channels,6-9 implying a different channel structure in the reactive region. Further, their putative mechanism of action to interfere with transition(s) to the inactivated state makes them a potentially valuable tool with which to study the sodium channel gating process. Although a number of toxins, enzymes, and drugs have been described that alter the decay of the sodium current, most of these affect both activation and inactivation. In contrast, this agent appeared to be a good candidate as a specific modifier of inactivation. And finally, the delay in sodium current inactivation could have important physiological and pathophysiological implications. Prolongation of the action potential can lead to voltage oscillations on the plateau (afterpotentials) in single cells10'1' and in multicellular preparations,12 which may be associated with malignant tachyarrhythmias in the intact heart. Increased sodium entry may itself cause a positive inotropic effect via Na-Ca exchange.'013-15 Thus, the sea anemone toxins could be a valuable tool in further study of the cardiac sodium channel.
Binding studies have suggested a higher affinity of sea anemone toxins for tetrodotoxin (TTX)-insensitive than for TTX-sensitive sodium channels.6-9 Although some indirect evidence to support this idea has come from indexes such as maximum inotropic effect and the threshold for arrhythmias in vivo,15 these phenomena are unlikely to be linearly related to binding of toxin to the channel. In voltage-clamp FIGURE 1 . Sequential recordings of single sodium channel current responses during depolarizing steps from -120 to -50 mV (left) and to -20 mV (right) from two rabbit cardiac myocytes. Top panels: Recordings under control conditions from a patch estimated to have three channels (patch No. 101090C2). Bottom panels: Recordings from a patch estimated to have a single channel exposed to 1,000 nM sea anemone toxin ATXII (patch No. 101090D1). Solutions were as described in "Materials and Methods." The upward spike in each sweep marks the time at which voltage was changed. Note the increase in channel activity in the presence of toxin.
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------~4 7 C1 L 10 ms experiments in neuronal preparations, the magnitude of toxin-induced maintained sodium current16 and the prolongation of current decay time constants17 have been used to indicate the fraction of sodium channels modified by the toxin, but these estimates have yielded ED5so much higher than the binding studies. The conditions of the binding studies are, of course, different from most physiological experiments, which makes direct comparisons of the two types of measurements difficult, especially if toxin binding is voltage dependent. 18"9 The putative mechanism of action of the sea anemone toxins is modification of inactivation. This is difficult to study with membrane currents, because current decay at most voltages represents a combination of delayed channel openings and channel inactivation. Therefore, we used single-channel studies to permit us to determine whether the effect on inactivation was sufficient to explain the slow current decay. If the toxin effect on inactivation could be characterized, then it should be possible to use this as a more direct measure of toxin binding for comparison to biochemical studies. Moreover, because sodium channel isoforms have now been cloned, it may subsequently be possible to determine the structural basis of the isoform differences in sea anemone toxin affinity as a prototype for the design of drugs that take advantage of structural features to target one isoform of the channel.
We demonstrate that ATXII markedly prolongs single-sodium channel burst behavior; this action is sufficient to account for the slow current decay seen in whole-cell studies. Burst behavior, similar to that observed experimentally, can be produced by a Markovian five-state model for the sodium channel, in which ATXII markedly slows the channel opento-inactivated (0-4) transition rate without an effect on other rate constants. Dose dependence of the burst behavior also permits estimation at -20 mV of an ED50 for the toxin's effect on inactivation.
Materials and Methods Cell Preparation
Cardiac myocytes were enzymatically dissociated from the heart of adult rabbits using a modification of the method of Poole et al. 20 Hearts were retrogradely perfused via the aorta at 37°C with a buffer gassed with 100% 02 containing (mM) NaCl 130, HEPES 5, glucose 10, taurine 20, creatine 10, KCI 5.4, MgCl2 3.5, and NaH2P04 0.4 (pH 7.25, adjusted with NaOH).
The heart was first perfused for 4 minutes with buffer plus 0.75 mM CaCl2 and then for 4 minutes with buffer plus 0.1 mM EGTA. Finally, the heart was perfused for 10 minutes with buffer plus 0.08 mM CaCl2 plus 1 mg ml-l Type II collagenase (Worthington Biochemical Corp., Freehold, N.J.) plus 0.1 mg. ml-' Type XIV protease (Sigma Chemical Co., St. Louis, Mo.). The heart was removed from the perfusion apparatus and coarsely chopped, and selected pieces were shaken at 37°C for four 5-minute periods in flasks containing the collagenase solution with 1 mg ml-l bovine serum albumin added. After each 5-minute incubation, tissue from one flask was filtered through a nylon gauze (pore size, 200 ,um). The filtered material was centrifuged at low speed, 
Open-duration histograms of the single-channel patch exposed to 1,000 nM sea anemone toxin ATXII (patch No. 101090D1) at potential steps between -60 and -10 mV from a holdingpotential of -120 mV r, mean open duration. All histograms were well fitted with a single exponential. and the harvested cells were transferred to a solution containing 150 mM potassium glutamate and 10 mM HEPES (pH 7.2) and stored at room temperature or refrigerated. Cells were used within 24 hours of isolation. Small aliquots of cells were added to a 200-,ll glass-bottomed chamber mounted on the stage of an inverted microscope (Nikon, Diaphot). Only cells with crisp edges and rod-shaped morphology were selected for study. Experimental Protocols Single-channel sodium currents were recorded from cell-attached patches using the method of Hamill et al. 21 Micropipettes were pulled from glass with an outer diameter of 1.2 mm (Drummond Scientific Co., Broomall, Pa.) on a microelectrode puller (model P-87, Sutter Instrument Co., Novato, Calif.), coated with Sylgard 184 resin, and heat-polished on a microforge (model MF-83, Narishige, Tokyo). Filled pipettes had resistances of 5-10 Mfl. For macropatch experiments, pipettes with resistances of 0.4-0.6 Mfl were fabricated. For both types, the pipette-filling solution contained (mM) NaCl 280, CaCl2 1, MgCl2 1, tetraethylammonium 10, and HEPES 10 (pH 7.4, adjusted with NaOH). High pipette [Na+] was used to increase current magnitude and, thereby, the signal-to-noise ratio, permitting more accurate measurements at depolarized voltages. ATXII (Calbiochem Corp., La Jolla, Calif.) was added to the pipette solution at 20 nM, 100 nM, or 1,000 nM. Cells were bathed in a solution of 150 mM potassium aspartate, 2 mM MgCl2, and 10 mM HEPES (pH 7.4, adjusted with KOH). Resting potential for the cells was assumed to be 0 mV, and applied potentials were taken to represent the holding and step potentials. Experiments were performed at room temperature (20-22°C) .
Single-channel recordings were made with a patchclamp amplifier (model EPC7, List Biological Laboratories, Inc., Campbell, Calif.). Voltages were output, and currents were recorded at 12-bit resolution using a DASH-16 (Metrabyte, Taunton, Mass.) in a 386 DOSbased microcomputer using customized software written in ASYST 3.0 (Asyst Software Technologies, Rochester, N.Y.). Patches were held at -120 mV and depolarized once per second for 95 msec to various test potentials. All patches were tested at four to six depolarizing test potentials between -60 mV and -10 or 0 mV. Data were sampled at 100-,usec intervals (10 kHz) after being low-pass-filtered at 2 kHz with an eightpole Bessel filter (model 902, Frequency Devices Inc., Haverhill, Mass.), and data were stored on a Winchester disk for later analysis.
Data Analysis
An estimate of the number of channels in each patch was made from the largest number of simultaneous openings observed at -10 or 0 mV, and patches with more than four channels were excluded from the analysis except for the examination of the bursting behavior of normal sodium channels, when recordings from patches containing 15-40 channels (macropatches) were obtained. Data were analyzed from six membrane patches with control solutions and nine patches exposed to 1,000 nM ATXII. Data were also obtained from seven membrane patches exposed to 100 nM ATXII and six patches exposed to 20 nM ATXII. These patches were specifically tested for their responses to a depolarizing step to -20 mV. We excluded from analysis patches with ATXII in which >5% of single-channel openings were at lower conductance levels (n=3). Seal resistances were stable and were between 40 and 80 Gfl.
Data were analyzed using programs written in ASYST. Data were leakand capacity-corrected using the average of sweeps with no activity (nulls) at each test potential. Transitions between closed and open levels were determined using a threshold-detection algorithm that required two points above half the mean amplitude of the single-unit opening. Computer-detected openings were confirmed by visual inspection, and occasional sweeps were discarded because of excessive noise. Null probability (the probability that the channel would not open) was calculated by taking the nth root of the fraction of sweeps at a given potential with no openings (where n is the estimated number of channels in the patch determined as described above).
Amplitude histograms were fitted with a Gaussian distribution using a modified Gauss-Newton nonlinear regression routine in ASYST or on a microcomputer (model 5520, Concurrent, Tinton Falls, N.J.). The cumulative probability of the time spent in the Although this produced a fraction that was dependent on the duration of the depolarizations, all depolarizations were of a similar length, and the toxin effect was dramatically evident over this time period. Ensembles were constructed from the average of sweeps at a given test potential. Current decay time constants were calculated by fitting the ensemble current decays to a sum of exponentials using DISCRETE22 on the Concurrent computer. This program produces a modified F statistic that can be used to determine whether addition of exponential terms significantly improves the fit to the data. Open and closed durations were binned variously to check for binning effects; data are shown binned at 0.2 or 0.3 msec. The sample interval and the filter characteristics resulted in a dead time of 90 ,usec. Together with the effect of baseline noise, this led to missed short openings and closings. These missed events would not alter burst lengths, although they would change the numbers of openings in a burst. A Gaussian fit of baseline noise revealed the standard deviation of noise (rx) to be no larger than 0.10 pA.
Signal-to-noise ratio (AIu0,, where A. is the singlechannel current) was between 40:1 and 20:1, depending on the voltage. Open and closed distributions were analyzed after discarding the first bin and were well fit by one or two exponential functions.
Using extrapolated fits of open and closed duration histograms, we estimated the number of missed events to be between 5% and 10%, depending on the voltage. This also represented a source of error in determining the number of null sweeps, as discussed below.
The conditional probability of channel closure (if open) is thought to be time invariant, albeit voltage dependent. We, and others,23-25 have previously demonstrated that mean open times under control conditions meet this criterion. We also checked this for the single-channel toxin-modified patch by dividing sweeps at several arbitrary time points to check that open times were homogeneous (i.e., to ensure that openings that occurred late in a sweep did not different from openings that occurred early in a sweep). For all kinetic analyses, overlapping events were discarded. We have previously demonstrated that the errors that can be introduced by this practice did not alter significantly derived parameters in control conditions by comparing data from multichannel and singlechannel patches. 23 Burst analysis was done using IPROC (Axon Instruments, Foster City, Calif.). Although this program is designed for stationary analysis, suitable choice of analysis parameters allowed us to use its burst analysis features. It also gave open duration and amplitude histograms similar to those using ASYST. We analyzed the data from a single-channel patch specifically to look for a long time constant in the closed duration distribution, which would have indicated finite return rates from inactivated states. The absence of such long time constants allowed us to consider the openings in each sweep as consisting of one burst.
Where appropriate, data are expressed as mean± SEM. Differences between groups were evaluated using a two-tailed Student's t test.
Results
Single-Channel Behavior in the Presence of 1,000 nMATXII Of the nine patches exposed to 1,000 nM ATXII that were accepted for analysis, one had a single sodium channel in the patch (based on failure to observe any double amplitude openings in 1,200 sweeps including >500 sweeps at step potentials to -20 and -10 mV). Data from this patch will be The lower right histogram showing openings that occurred later than 10 msec after the potential step was accurately fitted with a single exponential.
presented in detail, and these data will be compared with data from multichannel patches. Figure 1 shows sequential responses to depolarizing steps to -50 and -20 mV from a typical control patch and from the single-channel patch with 1,000 nM ATXII. The control patch contained an estimated three channels. At -50 mV, the control patch showed multiple openings in a sweep, which could be attributed to the presence of multiple channels in the patch, but which also probably represented reopenings.24,25 At -20 mV, control sodium channels opened briefly, on average only once, very soon after the potential step.
In the six control patches at -20 mV, reopenings were infrequent (<10% of sweeps contained more than one opening), and openings later than 10 msec after the potential step occurred in <2% of the sweeps.
In the presence of 1,000 nM ATXII at -50 mV, there were more frequent reopenings than in control patches, resulting in long-lasting bursts. However, this tendency was more striking at -20 mV, where, in contrast to the control sodium channel, the toxinmodified channel showed long-lasting bursts consist- ing of repetitive long openings interrupted by brief closures. Some of the bursts lasted for the entire duration of the potential step. ATXII did not alter single-channel conductance (23+0.7 pS in control [n=6] and 23±1.1 pS in toxin-exposed patches [n=8]), although it did occasionally induce openings to lower conductance levels in some patches, as has been reported for cardiac channels26 and neuroblastoma cells. 27 Consistent with previous studies that have reported no retardation in the turn-on of macroscopic current,3 the toxin did not markedly prolong first latency. Because of the compressed nature of the distribution, we could not test whether it was speeded, as would be predicted from gating current experiments in the frog nerve. 28 Effects ofATXII on Open Duration Figure 2 shows open-duration histograms for a patch with a single channel exposed to 1,000 nM ATXII. For this patch, all open-duration histograms could be well fitted with single exponentials. Open duration monotonically increased with stronger depolarizations, increasing from 0.4 msec at -60 mV to 2.1 msec at -10 mV. This was in contrast to open-duration histograms of control sodium channels, which could also be well fitted with single exponentials, but which showed a biphasic dependence on voltage. At -60 mV, control mean open duration was also short, and it increased with stronger depolarizations. However, a maximum of 1.0 msec was reached at -40 mV, and above this voltage, open duration gradually declined. The voltage dependence of mean open duration in control was similar to that reported by other investigators for cardiac sodium channels.23,25,29,30 Table 1 lists the mean open durations from six control patches and nine patches exposed to 1,000 nM ATXII, and Figure 3 presents these data graphically over the range of test potentials from -60 to FIGURE 5. Open-duration histograms from two different patches (panel A, patch No. 121490D5; panel B, patch No. 121390D6) exposed to 100 nM sea anemone toxin ATXII at a test potential of -20 mVfrom a holding potential of -120 mV rl, fast time constant; r2, slow time constant; rO, mean open duration. Histograms of all openings required two exponentials to accurately fit the data (top histograms). When histograms of openings that occurred later than 10 msec after the potential step were analyzed, they could be best described with single exponentials (bottom histograms). 20 -10 mV. Mean open duration peaked at -40 mV in all but one of the six control patches. In the presence of 1,000 nM ATXII, the biphasic dependence of mean open duration on voltage was abolished. There was no significant difference in mean open duration between control and toxin-exposed sodium patches between -60 and -40 mV. At -20 and -10 mV, the mean open duration of toxin-exposed channels was 3.5 and 4.5 times the control value, respectively.
For the nine patches exposed to 1,000 nM ATXII, open-duration histograms at test potentials between -60 and -30 mV were well fitted with single exponentials. At -20 mV, one of the nine patches had an open-duration histogram that was better described by the sum of two exponentials, and at -10 mV, two exponentials were required to fit the open-duration histograms in four of eight patches. This is illustrated for a representative patch in Figure 4 . In this patch, open-duration histograms could be best fitted with single exponentials for test potentials between -60 and -20 mV. Mean open duration showed a stepwise increase with depolarization from 0.6 msec at -60 mV (not shown in the figure) to 2.1 msec at -20 mV. On further depolarization to -10 mV, the openduration histogram required two components (0.9 and 5.3 msec). This could occur if toxin-modified channels had two open states or if there was a voltage-dependent dissociation of the toxin, which produced a mixed population of both modified and unmodified openings.
To test these two possibilities, we constructed histograms of openings that occurred later than 10 msec after the potential step. Because under control conditions sodium channels opened only rarely after 10 msec, openings that occurred later than 10 msec could be attributed to toxin-modified channels.3' Figure 4 , lower right panel, shows that the histogram of openings that occurred later than 10 msec after the , and ensemble current (panel C) from a single-channel patch exposed to 1,000 nM sea anemone toxin ATXII (patch No. 101090D1). Data were obtained at a potential step of -20 mV from a holding potential of -120 mV. Closed times were best fit with two exponentials, 0.3 and 0.9 msec. Both thefrequency distribution of burst duration and the ensemble current could be wellfit with single exponentials. The mean burst duration of 24 msec corresponded well to the time constant of current relaxation (26 msec). potential step could be well fitted with a single exponential with a mean open duration of 4.2 msec. In two of the four cases in which double exponentials were required to fit open-duration histograms, restricting the histogram to openings that occurred later than 10 msec reduced the fit to a single exponential, whereas in the other two cases two exponentials were still present. This suggested that the double exponentials could be the result of voltage-dependent dissociation of ATXII and the creation of a mixed population of modified and unmodified openings at more positive potentials.
To further evaluate the possibility that the presence of two open durations in the histograms could be a result of a mixed population of modified and unmodified channels, we produced such a mixed population with a much lower concentration of toxin (100 nM). We analyzed open-duration histograms at -20 mV for seven such patches. Whereas with 1,000 nM ATXII only one of nine patches showed two populations of open duration at -20 mV, with 100 nM ATXII all seven patches had open-duration histograms that were accurately described by the sum of two exponentials (0.8+0.03 msec with a range of 0.5-1.1 msec, and 3.1+0.04 msec with a range of 2.1-4.2 msec). When histograms of openings occurring later than 10 msec after the potential step were analyzed, data from five of the seven patches could be accurately described with a single exponential (mean open duration, 3.2±0.04 msec with a range of 2.0-4.2 msec) ( Figure 5 ). This also supported the hypothesis that multiple open durations represented openings of modified and unmodified channels.
Burst Analysis of Modified Channels
We first analyzed burst characteristics in the single-channel patch exposed to 1,000 nM ATXII (Figure 6 ). Because there was only a single channel in the patch, the closed duration histogram could be interpreted in a straightforward manner. It was best fit with the sum of two exponentials (0.3 and 0.9 msec) ( Figure 6A ). Seventy percent of the events were accounted for by the faster closed time. Closed durations in six additional patches exposed to 1,000 nM ATXII were evaluated. For these patches the first 10 msec was trimmed from each sweep to reduce the incidence of simultaneous openings. Five of the seven patches required two exponentials (0.2+0.03 and 0.9+0.1 msec). The other two fit a single exponential with mean closed duration not significantly different from the faster value (0.3 and 0.2 msec).
A histogram of the frequency distribution of burst duration for the single-channel patch ( Figure  6B ) was well fit, with a single exponential giving a mean burst length of 24 msec. It should be noted that in 10 of 160 sweeps the channel remained open at the end of the sweep (grouped in the last bin of Figure 6B ), representing burst durations that would have been longer than 95 msec. Average number of openings per burst was 12. Figure 6C illustrates the ensemble current of the 160 sweeps. The current relaxation could also be well fit with a single exponential with a time constant of 26 msec. This value corresponded well to the mean burst duration of 24 msec. The component of the current that failed to relax by the end of the potential step reflected sweeps with burst durations equal to or longer than the duration of the test potential.
Bursting Behavior in Control Sodium Channels
Prolonged bursting, although rare, has been described for unmodified cardiac sodium channels.25,32-34 It has been suggested that these rare events represent a transient failure of the O-*I transition. We wanted to evaluate whether the bursting of toxin-modified channels was of a fundamentally different character than that described for control channels or whether it was similar to control but that the toxin increased its probability. We estimated normal sodium channel bursting behavior using a macropatch protocol previously described by Patlak and Ortiz. 33 We studied patches with 15-40 channels and recorded 200-600 consecutive sweeps at -20 mV. Most sweeps showed openings clustered within 5 msec of the potential step. However, in a few sweeps the initial overlapping brief openings were followed by burst activity to a single conductance level that often lasted for the duration of the potential step. This bursting behavior did not occur in a random manner but usually in groups of two to three successive sweeps. A typical example is illustrated in Figure 7 , which shows recordings from a control patch with an estimated 16 channels in which 601 consecutive sweeps at -20 mV were obtained. A total of five sweeps showed prolonged bursting activity grouped as three successive sweeps (sweeps 223-225, shown in Figure 7 ) and two successive sweeps (sweeps 306 and 307, not shown).
Although it is impossible to be certain that the long-lived bursting represented the activity of a single channel, the rarity of the event makes it very likely. If it is assumed that all 16 channels in the patch had an equal chance of such bursting behavior, then the probability of occurrence for each channel can be estimated approximately as the observed frequency divided by the number of channels (i.e., 5/601 16=1/1,923). In four macropatches the estimated bursting behavior of the normal sodium channel was one in 2,305 +342 depolarizations to -20 mV.
We analyzed the open duration histograms of the bursting activity (by excluding activity occurring during the first 10 msec of the potential step). Figure 7 
Effects ofA TXII on Ensemble Currents
To evaluate how the changes induced by ATXII in the single-channel behavior were manifest in the overall form of the current, we analyzed the time course of relaxation of the ensemble currents constructed from sweeps at -50 and -20 mV. In each case the ensemble was scaled to the estimated number of channels in the patch. Figure 8A shows an example of an ensemble current at -50 mV in a control patch. At -50 mV, control ensemble currents decayed monoexponentially in three of seven patches with a mean open duration of 3.2 msec. In four patches, double exponentials were required (fast time constant, 1.4 msec; slow time constant, 22.9 msec). In the case of double exponentials, the long time constant contributed only a small fraction of the total amplitude. A typical ensemble current at -50 mV from a patch exposed to 1,000 nM ATXII is shown in Figure 8B . In keeping with the unchanged mean open times and increase in burst duration seen at the single-channel level in patches exposed to 1,000 nM ATXII, ensemble decays were moderately prolonged. Two of six ensembles were best fitted with a single exponential with a mean open duration of 11.3 msec. The majority were best fitted with two exponentials (fast time constant, 4.1 msec; slow time constant, 18.6 msec). At -20 mV, the ensemble current decay was more dramatically affected. The results for control and various concentrations of ATXII are summarized in Table 2 , and representative ensemble currents in control and at each dose tested are shown in Figures  9A-9D . In control conditions, a single exponential was sufficient to describe the decay in three of eight patches. Although two exponentials were required in the other five patches, the greatest contribution to the overall amplitude was accounted for by the faster time constant component. In 20 nM ATXII at -20 mV, two of the five ensembles were best fitted with a single exponential, whereas three were better fitted by two exponentials. When a single exponential fit best, the time constant was longer than it was in control conditions. When a double-exponential fit was required, the faster time constant was not significantly different from the control value. In addition, the slower time constant contributed a much larger percentage of the current in toxin-exposed patches, undoubtedly reflecting the contribution of toxin-modified channels with longlived bursting behavior.
Six of the seven ensembles from patches exposed to 100 nM ATXII required double-exponential fits for current relaxations at -20 mV. Compared with ensembles from patches exposed to 20 nM ATXII, the longer time constant was slower and contributed a larger portion of the total amplitude, undoubtedly reflecting a larger contribution of toxin-modified channels with long-lived bursting behavior. The faster time constant in 100 nM ATXII was also longer than that in 20 nM ATXII and in control conditions, which reflected the contribution of the longer mean open duration of modified channels.
In contrast to ensembles from patches exposed to 100 nM ATXII, five of the seven ensemble decays in patches exposed to 1,000 nM ATXII were best fit with single exponentials at -20 mV. Also, the current often failed to relax completely by the end of the 95 -msec step, with up to 20% of the current remaining. We conclude that, although ensemble decays are complex, a major portion of the slowing of decay can be attributed to increased burst duration of toxin-modified channels. The lengthening of the faster decay time constant probably results both from the lengthening of mean open duration of modified channels and the presence of both modified and unmodified openings. the open state for N channels (NPo) is plotted vs. the tracing number. Test pulse was -20 mV; holding potential was -120 mV In the control patch (panel A), 11 sweeps had no openings (null sweeps); the estimated nullprobability for this patch (corrected for n) was 0.5. In the toxin-modifiedpatch (panel B), sweeps with a high cumulative probability were distributed throughout the recording period, indicating no apparent time-dependent change of the toxin effects under our stimulation protocol. Ofthese 151 sweeps, 94 contained activity. Effects ofATXII on the Probability That Channels Would Not Open Previous investigators have explained the effects of these toxins as slowing the transition to the inactivated state,3'17,35 which is consistent with a reduction in the O->I transition rate. However, the toxin might also alter transition rates from closed states to inactivated states (C->I) as well. To evaluate whether this was the case, we compared the frequency of channel inactivating without opening in the presence and absence of 1,000 nM toxin at -20 mV. In the single-channel patch exposed to 1,000 nM ATXII of the 383 sweeps at -20 mV, 191 had no sodium channel openings, giving the estimated null probability for this series as 0.5. The mean null probability (corrected for the estimated number of channels in the patch) in patches exposed to 1,000 nM ATXII was 0.5±0.05 (n=4). On the other hand, the mean null probability in control patches at -20 mV was 0.6±0.05 (n=5). These data suggest that ATXII might have reduced the probability that the channel would not open. However, the number of missed events was probably greater in control, because first latency distribution was quite compressed at this Therefore, it is likely that the lower null probability for toxin-modified channels was secondary to fewer missed events. We conclude that the effect of ATXII on the C->I transition rate, if any, was modest.
Dose-Response Relation ofATXII
We wanted to quantify the dose-dependent changes in sodium channel activity that occurred in patches exposed to different concentrations of ATXII. ATXII affinity is voltage (state) dependent, but a complete study of these aspects of toxin action was outside the scope of this study. Therefore, we selected a single potential, -20 mV, at which to quantify its effect, because at this potential in the presence of toxin 1) mean open duration was markedly prolonged (3.5 times control) and 2) long-lasting bursting was prevalent. On the other hand, at this voltage under control conditions, channels infrequently opened more than once. This difference is dramatically demonstrated in Figure 10 , which illus- cumulative open probability and a sami from a patch estimated to have four sodi that was exposed to 100 nM ATXII, ai illustrates similar data from a patch N mated three channels exposed to 20 Sweeps with a high fraction of activity alternate in time with sweeps with a lo' activity, raising the possibility of period association and dissociation from the s nel. This observation, however, was not uated in this study. In Figures 11 and 12 , the bottom panel illustrates a selection of consecutive sweeps from the same patch (identified on the open probability plot by the two arrows). Because there was no significant difference in null probability between control and toxin-exposed patches, we confined our quantification of modified events to sweeps with activity. The number of simultaneous openings that occurred early were taken as representative of the total number of channels that opened in a sweep. The number of simultaneous openings that occurred after 3.5 msec were taken as A A 420 indicative of the number of opening channels in the sweep that were modified. open after 3.5 msec >95%. A small number of times, openings would be counted as modified that could in 402 fact have been unmodified, but we chose this threshold so that this error would be counterbalanced by 403 events that were modified but were over before 3.5 msec. The fraction of modified events was then calculated as the quotient of the number of late the cumulative events to the number of early events. Table 3 lists the from a patch fraction of modified events/all events in patches that timated to have were analyzed with three different concentrations of eential was -20 ATXII. The difference between the three concentran panel: Eight tions was highly significant (p<0.0001). Figure 13 sweeps 401 and shows these data fitted to a single-site dose-response toxin-modified. curve giving an apparent ED50 of 285 nM for ATXII modification of cardiac sodium channel at -20 mV. c open probto have four Discussion ingle-channel Effects of ATXII on the Cardiac Sodium Channel Figure 1OB ).
Our results are consistent with previous studies ,d four chan-that showed that ATXII binds to the sodium chanthe 95 -msec nel,68 slows its inactivation process from the open state 4.0, the state, and generates a maintained sodium currast, for the rent.3,4,19 The affinity of this class of toxins for the num fraction sodium channel has been shown to be voltage depenspent in the dent, with lower affinity at depolarized potentials.
This was first shown in binding experiments using y analysis of isotopically labeled toxin8 and was later seen in ?le of sweeps electrophysiological studies of whole-cell18,19 and sinium channels gle-channel26 currents. In the present study there was nd Figure 12 also evidence that, in the presence of a high concenwith an esti-tration of ATXII (1,000 nM), depolarizing steps to nM ATXII.
-10 mV could in some patches result in dissociation appeared to of the toxin from the channel (Figure 4 ). w fraction of Similar to previous studies,23,25,2930 our study licity of toxin
showed that the open duration of the normal car- There was no significant difference in mean open duration between control and toxin-modified channels between -60 and -40 mV. At -20 and -10 mV, the mean open duration of toxin-modified channels was 3.5 and 4.5 times the control value, respectively. This fits well with the idea that current decay in the suprathreshold region is determined primarily by the latency to opening (activation) process, while at more depolarized potentials it is determined much more by inactivation. Open-duration histograms from the single-channel patch exposed to a high concentration of ATXII (1,000 nM) could be well fitted with a single exponential at voltage potentials between -60 and -10 mV, suggesting that the toxin-modified channel also has a single open state. On the other hand, some multichannel patches exposed to 1,000 nM ATXII had open-duration histograms that were better fit with two exponentials at -10 mV. All multichannel patches exposed to 100 nM ATXII at -20 mV were best fit with two exponentials. The biexponential histograms could indicate either that toxin-modified channels have two open states or that there are two distinct populations of channels. Our data provide evidence that the two components in the distribution of open duration most likely reflect the presence of two populations-normal channels and toxin-modified channels. The short mean open duration (0.8 msec) was not significantly different from the mean open duration in normal patches (0.7 msec). In addition, most histograms of openings that occurred later than 10 msec after the potential step were well described by a single, much longer, mean open time. However, several such histograms still required two exponentials. Thus, we cannot exclude the possibility that ATXII-modified channels have more than one open state, as has been suggested for neuroblastoma cells exposed to a-scorpion toxin,35 for guinea pig ventricular myocytes exposed to a diphenylmethylpiperazine-indole derivative (DPI),36 and for neuroblastoma cells treated intracellularly with papain.37
Bursting behavior of normal cardiac sodium channels is rare. It has been estimated as once for 2,000-5,000 depolarizations per channel by Patlak modified events was determined as described in text, and the ED50 was deternined by the fitting program.
we estimated the frequency of normal bursting behavior as once in 2,305 depolarizations per channel at -20 mV. Because the number of channels in the patch could be underestimated, our calculations of the frequency of bursting behavior may be an overestimate.
In three of the four macropatches, the mean open duration during bursts was well described with a single exponential. Kiyosue and Arita34 also showed a monoexponential distribution of the open duration during bursts, but Patlak et a138 have reported that during prolonged bursts in skeletal muscle channels the open duration distribution could be very heterogeneous. We found that the mean open duration during bursting behavior of normal channels was consistently three to five times longer than the mean open duration of early openings that we and oth-ers3339 have measured. At -20 mV, the mean open duration during bursting in normal patches was not significantly different from the mean open duration of the sodium channel modified by ATXII. Thus, the kinetics of the normal cardiac sodium channel during bursting behavior do not appear to be fundamentally different from those of ATXII-modified channels.
We analyzed ensemble currents in order to understand how ATXII modification prolonged macroscopic currents. We considered three factors that would cause prolongation: 1) increased latency to first opening, 2) increased mean open duration, and 3) increased mean burst duration.
Increased latency to first opening. We did not observe any significant prolongation of first latencies that was due to ATXII. This is consistent with previous studies that have reported no retardation in the turn-on of the macroscopic current5 or a modest acceleration. 28 Increased mean open duration. Although at depolarized potentials ATXII-modified channels had prolonged open durations, this alone could not explain the markedly slowed time constant of the current relaxation.
Increased mean burst duration. Similar to previous studies with a-scorpion toxin35 and DPI,36 the present study demonstrated a good correlation between the mean burst duration as obtained from fitting the distribution of burst durations and the time constant of the ensemble current decay ( Figure 6 ). Further evidence for the primary contribution of both the burst duration and the probability of bursting behavior to the kinetics of relaxation of the macroscopic current was shown by analysis of ensemble currents of patches exposed to 20 and 100 nM ATXII. In patches exposed to 20 nM ATXII, bursts were observed in only 7.5% of sweeps, and the slower component of the current relaxation contributed a small proportion to the overall current relaxation. In patches exposed to 100 nM ATXII, the ensemble current relaxation consistently showed a fast and slow component, as would be expected if the averaged current were a summation of unmodified and toxin-modified sodium channel currents. The relatively large contribution of the slow component to the current relaxation reflected the higher percentage of modified bursting events in patches exposed to 100 nM ATXII compared with those exposed to 20 nM ATXII (29% versus 7%).
Dose-Dependent Effects ofATXII
ATXII appears to bind to the same receptor site on the sodium channel in both nerve and cardiac cells, but the affinity and binding specificity for the two types of sodium channel are markedly different and opposite from their TIX sensitivity.7 Radiolabeled ATXII binds to the TTX-sensitive rat brain synaptosomes with an ED50 of 150-240 nM.6 On the other hand, the ED50 measured for TTX-insensitive cultured rat muscle cells is approximately 20-fold lower (8 nM).8 However, it should be noted that in electrophysiological experiments the ED5so measured in myelinated nerve were 5 ,M16 and 20 11M,17 at least an order of magnitude higher than the binding estimates. In the present study, we evaluated the dose-response effects of ATXII on sodium channels of rabbit cardiac myocytes by estimating the ratio of modified/unmodified events in patches exposed to different concentrations of ATXII. The ED50 for ATXII modification of the sodium channel at -20 mV was 285 nM. This value is an approximately 30-fold higher concentration than the ED50 obtained from binding experiments, but it is also at least a 20-fold lower concentration than that estimated electrophysiologically in the nerve. The discrepancy between the binding and electrophysiological measurements is unexplained. The voltage-dependent unbinding that has been noted would predict that electrophysiological estimates should yield lower ED50s than binding because of the more polarized condition of the membrane, but the opposite has been the case. On the other hand, binding experiments were conducted at 36°C, whereas electrophys- iological measurements were obtained at room temperature or below. No data on the temperature dependence of binding are available, but one must consider that ATXII may be like batrachotoxin (BTX), an alkaloid toxin that does not bind efficaciously at room temperature presumably because the Kd is much higher. In addition, there is at least one report in the literature that the binding curve for ATXII is shallow, suggesting the presence of two or more binding sites for toxin.7 Dose-response estimates of ATXII effects on the sodium channel from other measurements have been lower. Measurements of 22Na uptake were used to assess the effects of ATXII on the sodium channel in rat cultured skeletal muscle cells7 and in rat cardiac cells. 15 The concentration value of ATXII for half maximal stimulation of '2Na flux through the sodium channel was estimated at 12-15 nM, which was similar to the Kd obtained from binding experiments. However, flux studies are usually carried out in the presence of a sodium channel activator like BTX or veratridine, and these agents have been shown to augment binding of these toxins. In addition, flux may be a very nonlinear measure of the numbers of modified channels because of the bursting nature of modified channels.
Other measurements that have been used to evaluate the action of this class of toxins, such as inotropic effect,15 the occurrence of action potential prolongation,12 the development of early afterdepolarizations in multicellular preparations12 or in isolated cardiac myocytes,1" and the occurrence of arrhythmias in vivo,'1215 are clearly related to binding in a nonlinear manner. ATXII-induced action potential prolongation, which is considered to be the priming step for the development of early afterdepolarizations in vitro and afterdepolarization-induced arrhythmias in vivo,40 may only require a modest increase in sodium flux at the plateau range of the action potential. Previous studies have suggested that the late sodium current that is due to bursting behavior of the normal cardiac sodium channel plays a significant role in maintaining action potential plateau.34'4142 ATXII at a concentration of 20 nM increases the probability of sodium channels with bursting kinetics by at least two orders of magnitude compared with normal bursting behavior. Thus, it is not surprising that marked prolongation of the action potential plateau could be observed at low concentrations of ATXII that are associated with only a small number of toxinmodified sodium channels.
Kinetic Model for ATXII Modulation of the Sodium Channel
This class of toxins has been suggested to slow the O->I transition rate (i.e., toxin bound channels inactivate only poorly).3,17182635 We used a five-state model to examine the effects of ATXII that we observed with cardiac sodium channels. Although not accounting for all of the characteristics of cardiac sodium currents, this five-state model has been used by a number of investigators to model sodium channels (e.g., see references 23 and 43), and it can produce the general form of the phasic current elicited on depolarization and so act as a tool for integrating the information reported here. The fivestate model is illustrated as follows:
R±: 1 nC2 0 where R is the resting state, and C1 and C2 are closed states that are nonconducting but capable of opening. Within the context of the transitions of the five-state model the effects of the toxin can be summarized as follows: 1) The C2-*0 transition rate did not appear to be markedly altered by the toxin, because the frequency distribution of first latency was not appreciably prolonged by exposure to ATXII.
2) The 0->C2 transition rate did not appear to be markedly altered by the toxin because the mean open duration of the channel at threshold potentials, where closures primarily represent return to the closed state, was largely unaffected by the toxin.
3) The C->J transition rates did not appear to be markedly altered by the toxin because the number of null sweeps was similar in control and toxin-modified patches. 4) The 0-I transition rate was prolonged because mean open duration at positive potentials, where the 0->I transition rate plays an increasingly important role in determining mean open duration, was much longer than in unmodified channels.
Given this set of conditions, we selected rate constants based on the histogram data from control and toxin-modified patches. We reduced the 0->I transition rate by a factor of 100 to simulate the effect of the toxin. Figure 14A shows a selection of consecutive sweeps produced by this model using CsIM (Axon Instruments) for the control case (left) and with the 0-I transition rate reduced (right). Figure 14B shows the ensembles produced by 200 simulated sweeps.
Histograms of mean open durations are shown in Figure 14C . The model produced open-duration histograms and ensemble currents that were similar to those obtained experimentally. Although the model certainly does not represent a complete descriptor of sodium channel kinetics, it demonstrates several interesting features. In the presence of toxin, current decay comes about primarily as a result of C-I transitions, which capture a proportion of channels each time they occupy one of the C states. It should be noted that to produce both the number of reopenings observed experimentally and a similar null probability the probability of inactivation from the penultimate closed state needed to be much greater than that from the last closed state. Although this model produced data similar to that observed experimentally, it has recently been suggested from single-channel measurements in guinea pig myocytes that null probability is actually much lower. 39 If this is the case, data similar to that observed experimentally can be produced with an even simpler four-state model.
Summary
Interaction of ATXII with the cardiac sodium channel would appear to be well described within the context of the modulated receptor hypothesis.44'45 Affinity of the toxin for the channel appears to be state dependent; the toxin has the greatest affinity for the rested state and the lowest affinity for the inactivated state, and further studies to probe this could lead to important information about state-dependent affinity. In addition, toxin-bound channels exhibit altered gating (reduced 0-I transition rate). Both of these characteristics appear to contribute to the action of this class of toxins to produce a positive inotropic effect. Interestingly, however, the statedependent affinity is opposite that of the antiarrhythmic drugs most commonly thought of as examples of the modulated receptor (low or absent affinity for the rested state and higher affinity for the inactivated state). Consequently, it is not surprising that, although ATXII produces positive inotropy, it and other molecules of this type are also proarrhythmic because of drug-induced prolongation of the action potential and membrane voltage oscillations. 40 ATXII does appear to selectively alter a transition to an inactivated state and to have higher affinity for cardiac sodium channels than for TTX-sensitive channels. Therefore, it would appear to be a good candidate for further studies of its interactions with sodium channels, and perhaps in the future it will be possible to identify the structural differences between TTX-sensitive and TTX-insensitive sodium channels that underlie this difference in affinity.
